Increase in tetraploid nuclei in relation to age was analyzed based on sedimentaion profiles of liver nuclei labeled with [3H]thymidine in vivo. On centrifugation, nuclei synthesizing DNA sedimented faster than the resting nuclei. Among the nuclei from rats of 3 weeks old, most of the labeled nuclei became diploid again, but in rats of 4 weeks old half of the labeled nuclei remained tetraploid. During week 5, the tetraploid nuclei were formed from diploid nuclei; these tetraploid nuclei did not show the ability to synthesize DNA yet. However, no further conversion of diploid to tetraploid cells occurred during week 6, whereas the percentage ofcells with tetraploid nuclei was still increasing. Therefore, a definitive change in nuclear segregation after DNA replication seems to occur during weeks 4 and 5 after birth.
Increase in polyploidy of rat liver parenchymal cells has been reported by a number ofinvestigators, as reviewed by Carriere (5) and Brodsky and Uryvaeva (3) . The relative proportion of diploid and tetraploid nuclei changes as a function ofage. The liver of neonatal rats consists mainly of diploid cells, and the proportion of tetraploid cells increases with age (3, 10, 12) . After birth, the activity of parenchymal cells in DNA synthesis decreased rapidly resulting in an increase in the proportion of diploid binucleate cells in a few weeks, followed by an increase in the proportion of tetraploid cells. We are interested in the fact that the increase in polyploidy ofhepatocytes is a physiological phenomenon in the process of maturation of the liver (1 1), and therefore could play an important role in the regulation of functional capacities of hepatocytes.
l What functional differences are there between diploid cells and tetraploid cells? A number of differences have been found between the two (8). Hirano er al. (9) found that the radioactivity of [3H]uridine incorporated into tetraploid nuclei in viva was twice that incorporated into diploid nuclei. In cultured hepatocytes, however, Collins (6) found no difference between the incorpora-tion of [3H]uridine into the two. There are also many reports on the relation of ploidy to other biological functions, i. e. the number of hormone receptors (14), various enzyme activity (15), nuclear proteins (1), and chromatin structure (16). However, no general accordance of gene dosage effects has been observed. Nevertheless, a definitive functional difference seems to exist between the two ploidy groups in differentiated hepatocytes, since a steady state equilibrium between diploid and tetraploid cells is observed in adult hepatic tissue (6, 12) .
Change in ability of hepatocytes in DNA synthesis is related to ploidy change in hepatic tissue in the normal developmental process. Therefore, as a first step to determine the mechanism by which this steady state is attained, we developed a method of sedimentation analysis of isolated nuclei and verified the conversion of diploid nuclei to tetraploid nuclei directly by analyzing the behavior of [3H]-labeled nuclei. '
MATERIALS AND METHODS

Animals
Male Wistar strain rats from Sankyo Labo. Ser-vice (Tokyo) were used throughout. Animals were maintained in a room under a constant condition with water and diet supplied ad libitum.
Preparation of Diploid and Tetraploid Nuclei Liver nuclei were isolated by a modification of the method ofBresnick et al. (2) . Briefly, the liver was minced and filtered through a stainless mesh with 5 vol of 0.25 M sucrose-3 mM CaCl2-0.5 mM phenylmethylsulfonyl fluoride (PMSF) and homogenized in a Waring blender (Nippon Seiki). The homogenate was centrifuged at 2,000 g for 10 min and the resulting nuclear pellet was suspended in 2 vol of 2.3 M sucrose-3 mM CaCl2-0.1 mM PMSF, and homogenized by 3 strokes in a Potter Teflon homogenizer operated at 300 rpm. The suspension was centrifuged at 70,000 g for 60 min in an ultracentrifuge (Hitachi; 55-P7).
Isolated nuclei were suspended in 15% (w/w) sucrose-1 mM MgCl2 and applied to a 30-50% (w/w) linear sucrose gradient containing 1 mM MgCl2 (13). After low-speed centrifugation at 450 g for 20 min at 4°C, fractions (1 ml each) were collected from the bottom of the tube. The sedimentation profile ofthe nuclei was plotted as the absorption at 254 nm (A254), which represented light scattering by nuclear suspension, or more precisely as the absorption at 260 nm (A260) of nuclei solubilized in 0.2 N NaOH.
fluorescent Analysis of Nuclear Ploidy The nuclear pellet obtained by centrifugation was suspended in phosphate-buffered saline (PBS), centrifuged at 600 g for 5 min, and washed once more with PBS. The washed nuclei were suspended in 0.005% propidium iodide (PI)-0.1% sodium citrate for staining and then introduced into a flow cell cytofluorometer (Ortho; Cytofluorograph System 50-H).
As an alternative method, digital microfluorometry was employed. The liver homogenate was fixed in methanol-acetic acid (3 : 1) and smeared on a slide glass. Intense Feulgen staining was carried out by the modified method of Fujita (7). After UV-irradiation for 10 h, the preparation was examined in a digital microfluorometer (Olympus, Tokyo; System BH2-QRFL). The fluorescence of more than 300 nuclei was examined and the mean value was calculated.
Radioisotope Labeling of DNA [3'H]Thymidine ([methyl-3H]thymidine; Radio-chemical Center, Amarsham; 44 Ci/mmol) was injected into rats via the tail vein at a dose of 1-2 ,uCi/g body weight. Incorporation of radioactive nucleotide was measured by two methods. For measurement of age-dependent changes in DNA-synthesizing ability in nuclei, DNA was extracted from isolated nuclei with 5% perchloric acid (PCA) by incubation at 70°C for 15 min, the extract was neutralized, and its radioactivity was measured in a liquid scintillation spectrometer (Aloka; LSC-651). For measurement of the radioactivity in fractions from the sucrose gradient, the nuclei were solubilized in 0.2 N NaOH, the solution was neutralized and its radioactivity was measured. The amount of DNA in the 5% PCA extract was measured by the method of Burton (4)-
RESULTS
As a first step, changes in nuclear ploidy with age was analyzed quantitatively by cytofluorometry. The results with rats of various ages are summarized in Table 1 . On the basis of the DNA content, the recovery of isolated nuclei was 70-80% of the total liver nuclei. To confirm the results obtained with isolated nuclei by cytofluorometry (C in Table 1) , some data were obtained by digital microfluorometry (D in Table 1 ) applied directly to the liver homogenate. A good agreement was observed between the results obtained by the two methods. During weeks 4 and 6, the percentage of tetraploid nuclei increased rapidly to 50-60% of the total, and showed a slight increase even l0 weeks after birth. Next we examined changes in DNA synthesizing ability in liver nuclei with age. For this, [3H]thymidine was injected into rats of various ages and 1 h later the animals were killed, and the specific radioactivity ofthe total DNA was measured. Fig. 1 shows the change in the amount of incorporated [3H]thymidine with age. At week 3, the incorporated radioactivity amounted to 11.7 cpm/ug DNA. Thereafter, DNA synthesizing ability decreased very rapidly, and the specific radioactivity at week 5 was only 15% of that at week 3. The period when DNA synthesizing ability decreased rapidly corresponded with the increase of tetraploid nuclear fraction.
We then examined the increase in the tetraploid nuclear fraction and conversion of diploid nuclei to tetraploid nuclei by the analysis of sedimentation profiles on sucrose gradient centrifugation. For this, [3H]thymidine was injected into rats of 3 weeks old at a dose of 1 uCi/g body weight, and l h later the liver nuclei were isolated and centrifuged. As shown in Fig. 2a , the radioactive materials sedimented distinctly faster than the main peak of A260 which corresponded to the fraction of resting diploid nuclei.
The fractions with higher S-values did not necessarily represent those with an increased amount of DNA derived from cells in the DNAsynthesizing phase (S-phase); analysis with a (at) g 81 digital microfluorometer showed that fractions (ii) and (iii) in Fig. 2a [3H]Thymidine was injected into rats of 3 weeks old at a dose of 1 ,uCi/g body weight. After 1 h, rats were killed, their liver nuclei were isolated, and subjected to 30-50% (w/w) linear sucrose gradient centrifugation as described in Materials and Methods. The gradient was fractionated, and the A260 and radioactivity of each fraction were measured. a: Profiles of A260 containing the 2 C amount of DNA (Fig. 2b) , whereas fraction (iv) consisted of nuclei with DNA amount between 2 C and 4 C. Thus we tentatively conclude that nuclei in the S-phase have a higher S-value not because ofan increased amount of DNA, but presumably because of some alteration of nuclear structure in the Sphase. The sedimentation position of most radioactive nuclei returned to normal 2 N position within 24 h after injection of [3H]thymidine (Fig. 3) . Thus most nuclei of hepatocytes in 3week-old rats must regain the 2 C DNA content after DNA replication.
The sedimentation profiles of [3H]-radioactive nuclei from 4-week-old rats were similar to those from 3-week-old rats 1 h after the injection, but after 24 h only half of the radioactive nuclei were remained in the 2 N position, while the other half remained at the 4 N position (Fig. 4) . Nuclear preparation from 4-week-old rats contained 23% of tetraploid nuclei (Table 1) . Therefore, the nuclear fraction in the 4 N position in Fig. 4b must consist of both DNA-synthesizing diploid nuclei which covers a range of DNA amount between 2 C and 4 C and resting tetraploid nuclei. Thus at week 5, some nuclei that had finished DNA synthesis returned to the position of 2 N nuclei, and the rest remained as 4 N nuclei for at least 24 h. No nuclei with ploidy higher than 4 N were detected in this nuclear preparation by digital microfluorometry. Therefore, the 4 N nuclei seemed to remain in the resting state without synthesizing DNA.
Next the fate of nuclei that had finished DNA synthesis in the liver of 3-week-old rats was [3H]Thymidine was injected into rats at a dose of 1 uCi/g body weight and 24 h later the rats were killed and their liver nuclei were isolated. The isolated nuclei were analyzed as described in the legend to Fig. 2. examined at weekly intervals for 3 weeks. For this, [3H]thymidine was injected into rats of 3 weeks old, and 1, 2 or 3 weeks later the liver nuclei were isolated and examined by sucrose gradient centrifugation (Fig. 5) . After 1 week, 80% of the incorporated [3H]thymidine were recovered in the 2 N fraction. After 2 weeks (in 5-week-old rats) about halfofthe total radioactivity observed in the 2 N position in the previous week had been transferred to the 4 N position, but the other half remained tetraploid rather than returning diploid. However, after 3 weeks (in 6week-old rats), no transfer of [3H]thymidine from the diploid to tetraploid nuclei was observed, although the A260 of the 4 N nuclei had increased. Consequenly, about half of the cells with diploid nuclei labeled at week 4 were converted to tetraploid cells at week 5, and the other half remained as diploid cells. Thereafter, conversion of diploid to tetraploid cells ceased and tetraploid cells seemed to proliferate by themselves, though the DNA synthesizing activity decreased to less than 15% of that at week 4 ( Fig. 1 ).
[3'H]Thymidine was injected to animals of 4 weeks old, and distribution of radioactivity was analysed 1 week later, i.e. at the beginning of week 6. Transfer of [3H]-radioactivity from 2 N nuclei to 4 N nuclei amounted to 60% ofthe total ZJIN ( [3H]Thymidine was injected intravenously into rats at a dose of 2,uCi/g body weight, and 1 (a), 2 (b) and 3 (c) weeks later the rats were killed, and their liver nuclei were isolated and fractionated as described in the legend to Fig. 2 . activity (Fig. 6) . The DNA content of three fractions from the sedimentation gradient is shown in Fig. 6b . Clearly, both 2 N and 4 N nuclei synthesized DNA, because nuclei with DNA higher than 2 C and 4 C were observed in (ii) and (iii), respectively. It is noteworthy that the fraction No. 12 in (iii) contained the nuclei with DNA higher than 8 C. Thus, 8 C nuclei derived from 4 N nuclei_could synthesize DNA without previous nuclear division into 4 N nuclei.
DISCUSSION
Throughout the experiment, we used sucrose density gradient centrifugation to quantitatively fractionate liver nuclei with different ploidy. By this procedure, we found the DNA-synthesizing nuclei to sediment consistently faster than resting nuclei (Figs. 2, 4 and 6) . Thus, an apparent increase in the S-value was due not only to the 83 increase in the DNA content, but also to some alteration in the nuclear structure in the S-phase. This conclusion is drawn based on the observation that the shift of sedimentation position of nuclei occurs prior to an increase in DNA amount (Fig. 2) . If the shift of sedimentation profile ofnuclei occurs after the increase in DNA amount, the profile of radioactive nuclei should locate between 2 N and 4 N positions.
In the present study, we first showed that half of the DNA-synthesizing nuclei at week 4 were converted to tetraploid nuclei. Nuclei that had synthesized DNA at the beginning of week 4 after birth remained at the ordinary sedimentation position for 2 N nuclei, even throughout week 4. Most of these nuclei were unable to resume the DNA synthesis during week 4; these nuclei are from binucleate diploid cells, which are converted to mononucleate tetraploid cells at a later stage. The ploidy conversion seems to start at week 5; half of the diploid nuclei, including those labeled at the beginning of week 4, were converted to tetraploid nuclei during week 5. A mechanism of polyploid formation, which seems to be endomitosis, has been reported (5). It is thought to be due to inhibition or immatureness of nuclear segregation after DNA replication. Week 4 must represent the time of physiological transition in the differentiation of parenchymal cells. Inhibition of nuclear segregation of 2 N cells begins to appear in week 5 and cease on week 6, because no trasfer of [3H]-radioactivity from the 2 N to 4 N fraction was observed in week 6, although the percentage of tetraploid nuclei was increasing. During week 6, 4 N nuclei seemed to acquire the ability to synthesize DNA and produce nuclei containing 8 C DNA; in these cells the mechanism ofnuclear segregation was apparently inhibited. These octaploid nuclei could synthesize DNA again without prior nuclear division, though they represented a minute percentage of the total nuclei. Tetraploid nuclei replicated by themselves after week 6, until the 4 N fraction amounted to about 60% ofthe total. Thereafter, a steady state equilibrium seems to exist between diploid and tetraploid cells, and most liver cells become functionally mature.
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